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ABSTRACT 


The effect of oscillating flow on the pressure distribu 
tion of a symmetrical airfoil was investigated experimentally 
employing a remote pressure transducer. 

An open circuit wind tunnel utilizing rotating Shutter 
blades downstream of the test section was used to create 
oscillating flow. Tests were run at two frequencies, as well 
as at steady flow, and three angles of attack. 

The mean and unsteady pressure characteristics were re- 
corded from which mean values of the normal force were deter- 
mined. The results indicate that an airfoil at high angle 
of attack will produce more lift in oscillating flow than in 


steady flow. 
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I. INTRODUCTION 


With the advent of the helicopter, there has been a need 
for a comprehensive study of the phenomenon associated with 
an airfoil in oscillating flow. A helicopter rotor blade is 
unique in that it experiences sinusoidal changes in velocity 
due to forward motion. Some work has been reported on air- 
foils in unsteady motion due to pitch and flapping, but due 
to restrictions on most wind tunnels, there has been little 
done in an oscillating free stream. 

Greenberg [Ref. 1] presented an analysis predicting the 
forces on an airfoil in pitch oscillation. His paper followed 
one by Isaacs [Ref. 2] who had used linear theory to examine 
the same problem. 

Liiva [Ref. 3] and later Liiva and Davenport [Ref. 4] 
made extensive investigations with a model which had the capa- 
bility of cyclic chamges in pitch and of cyclic plim@ging 
motions. They were concerned with the dynamic stall charac- 
teristics of rotor blades. 

The objective of the present work was to analyze the mean 
and unsteady pressure characteristics of an airfoil in oscil- 
lating flow. Mean pressure distributions in unsteady flow, 
measured in a manner developed by Bergh and Tijdeman [Ref. 5], 


were compared with those in steady flow. 
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II. EXPERIMENTAL EQUIPMENT AND PROCEDURES 


A. EQUIPMENT 
1. General 

The experimental work reported here was carried out 
in the Oscillating Flow Facilities of the Naval Postgraduate 
school. 

2. The Wind Tunnel 

ime osc lating flow wind Eunnel 1S an open circuit 
tunnel. Its test section is 24 inches square by 223 inches 
long having extremely stiff walls of metal and plastic. 

Mean velocities up to 250 feet per second may be ob- 
tained from the two 100 horsepower Joy-Axivane fans. A 
typical velocity profile in steady flow is shown in Figure 
1. A Sinusoidal component is introduced into the free stream 
velocity by means of harmonic solid blockage variations that 
are introduced into the flow by means of four rotating shutter 
blades that horizontally span the tunnel at the trailing edge 
of the test section. A variable-speed motor controls the 
frequency Of oscillation while amplitudes are determined by 
the widths of the shutter blades. Frequencies from 0.1 to 
250 cycles per second may be produced. The 4-inch blades 
Uegeca in this investigation (Fig. 2) produced fluctuation am- 
plitewees of 10 to 24% of the fTree-stream mean velocity. Ref- 
erence 7 contains a complete description of the tunnel and 


a= Operacton. Figure 3 is a schematic layout of the wind 


tunnel system. 
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FIGURE 2 


ROTATING SHUTTER VALVE 
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FIGURE 4 


WIND TUNNEL MODEL 


FIGURE 5 


ANGLE OF ATTACK INDICATOR 
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FIGURE 7. SECTIONAL DRAWING OF PRESSURE TRANSDUCER 


3. Wind Tunnel Model 

The wind tunnel model used was a NACA 63-010 airfoil 
modified by.a straight line fairing from 60% cherd aft to the 
trailing edge to remove the cusp. The model's span was 24 
inches with a constant chord of 6 inches. The model was 
mounted across the test section with a mechanism to allow 
rotation about the midchord line as is shown in Figure 4. 
This fixture allowed angle of attack to be varied and meas- 
ured (see Fig. 5). The model itself was built from a 1/8 
inch thick steel spar with wood laminated over it. Twenty- 
three pressure taps on the upper surface and two on the lower 
surface were located at midspan (see Fig. 6) and brought 
through the tunnel walls with stainless steel tubing. 

4. Pressure Transducers 

A pressure transducer mounted inside the model would 
have been sensitive to vibrations induced by the unsteady 
flow. Other limitations on size and expense lead to the 
selection of remote pressure transducers designed by Prof. 
L. V. Schmidt. These were similar to ones employed by John- 
son [Ref. 6], but with some miniaturization of components 
and other modifications which made assembly easier. The de- 
Sign is shown in Figure 7. Two transducers were built, one 
to meaSure pressures on the model and the other to be used as 
a reference. 

The transducer system consisted basically of a Bentley 
Detector System, a 0.003 inch thick annealed brass diaphragm 


mounted in an aluminum housing, and plastic and steel tubing 


enabling the pressure on the airfoil to be transmitted to the 
transducer diaphragm cavity. The diaphragm thickness was 
selected so as to provide a usable pressure sensing instrument 
in the pressure range of + 0.75 psia. The assembled trans- 
ducer is shown in Figure 8. 

The Bentley Detector System provides a voltage signal 
which is linear with respect to the distance change detected 
by its probe. For small pressure differentials across the 
brass diaphragm, its deflection is proportional to the pres- 
Sure. The probe detects deflection of the diaphragm and the 
Output from the distance detector is proportional to this dis- 
tance. By putting a known pressure differential across the 
diaphragm, the transducer can be calibrated yielding a linear 
calibration curve for small differentials. The results of 
the static calibration are given in Figure 9 and the procedure 
discussed in Appendix A. 

The stainless steel and plastic tubing act as trans- 
mittting lines from the wEessurnc@taps to the transducerme ine 
unsteady pressure components undergo frequency-dependent phase 
shift and attenuation through the tubing. A dynamic calibra- 
tion (Appendix A) was performed and the results may be seen 
in Figures 10 and ll. 

5. Miscellaneous Instrumentation 

The distance detector system was initially calibrated 
Using av~digital voltmeter amd™a True Root Mean Square Meter. 
Peresieative cal Meraeion, “he Gtiignal from thewedrstanee detector 
and a bias voltage were put through a D.C. amplifier and the 
output read on the digital voltmeter. 


20 


YAONGSNWUL GATEaNdSsv 


im: 


quno Td 





Zt 


© Transducer # | 


A Transducer #2 20 
Transducer Output Voltage 
yn 1.6 /\ 
Amplified By Factor Of 5 = 
> iN 
—_ A ° 
= | 
3 12 n P 
O A 
a 8 = ° ; 
ps 
3 A o 
Ss 4 ne 
= 0 
{-% 
a 
“8 -6 “4 a ee 2 4 6 
: ; zs “4 Pressure , PSIG 
i A. 
-8 
° A. 
6 : = 
(°) ‘Xx -12 
“ /\ 
7 -1.6 
A 
Ay 
-20 


FIGURE 9. PRESSURE TRANSDUCER STATIC CALIBRATION CURVE 


ZZ 


svaibag ‘ 604 es0ud 


OS 


O8! 


Ove 





IFF BSDNGSNVYL SYNSSSYd AO SSNOdS3SY ODINVNAG O! SYNOIS 


Z4J9H ‘AQuanbas4 
OS OO} OG O 


4 
uw) 
A 


q 
q 
{) 
eve as 
d / d OlWWOY IINSSIIq 


Yo) 
= 


23 


Pr essure Ratio 


FIGURE II 








300 350 
Frequency , Hertz 


DYNAMIC RESPONSE OF PRESSURE TRANSDUCER #1 


480 


420 


4 


Phase Lag , Degrees 


400 


24 


An acoustical driver unit provided the unsteady pres- 
Sure input for dynamic calibration. This unit was driven by 
the voltage Signal from a wide range audio oscillator which 
was amplified by a power amplifier. Phase readings were ob- 
tained using a precision phase meter and checked visually on 
a dual-beam oscilloscope. The schematics of the system used 
for the dynamic calibrations are shown in Figures 12, 13, 
and 14. 

The mean dynamic pressure in the oscillating wind 
tunnel was read from a micromanometer connected to a pitot- 
static tube. The oscillating component of the free-stream 
velocity was measured using a constant temperature, transis- 
torized, hot-wire-anemometer probe. Figures 15 and 16 give 
typical calibration results of the hot wire showing linear 
voltage output with velocity and a Blasius Profile 
measurement. 

A magnetic pickup located outboard of the upper shut- 
ter blade shaft was used to measure shutter valve frequency. 
This output was read on a decade counter and used to trigger 
the dual-beam oscilloscope. A wave analyzer was used to 
measure the Fourier components of the velocity. Velocity and 
pressure outputs were recorded photographically from the 
oscilloscope. The hot wire anemometer inverted the signal 
from the hot wire, such that all photographs show tHe vélloc- 
ity waveform inverted. The instrumentation system is shown 


schematically in Figure 17 “and@pretorirallly in Figuee tc: 
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IIL. WIND TUNNEL PROCEDURE 


After the model had been installed in the tunnel, the 
pressure transducer was set up near the steel tubing protrud- 
ing from the model and was isolated from the tunnel vibra- 
tions. A styrofoam box was used to enclose the transducer 
amd to reduce thermal drift. 

Because of the "organ pipe effect" of the tunnel, there 
were only two or three frequencies at each selected mean 
velocity in which the free-stream velocity waveform was rel- 
atively free of higher frequency components and almost purely 
Sinusoidal. For the purposes of this work, a high Reynolds 
number was desirable. A mean freestream velocity of one hun- 
dred feet per second was obtained using 4-inch blades. Fre- 
quencies that gave clean waveforms at this speed were 94, 128, 
and 154 hertz. Unfortunately time limitations made it pos- 
Sible to investigate only the first two frequencies. 

Initially zero angle of incidence was located. This was 
done by comparing the two pressure taps on the lower surface 
with the Ewo corresponding taps on the upper surface. Angle 
of attack adjustments were made until the readings were 
identical on both surfaces. It was found that the angle of 
attack vernier was accurate with + 0.05 degrees. 

The D.C. amplifiers used in this work introduced phase 
shifts in the input signals. In order to measure relative 
phase shifts between velocity and pressure, the hot wire out- 


put was also processed by one of these amplifiers. It was 


cee 


previously determined that the two amplifiers did have iden- 
tical phase shitt characteristics a inic was dene by putes 
the same input into both amplifiers and observing zero phase 
shift between their outputs. 

In order to insure that the oscillating free stream 
velocity was relatively free of higher harmonics, the hot 
wire output was manually scanned by the wave analyzer. When 
the amplitude of the second harmonic was less than 8% of the 
first, the velocity waveform was deemed acceptable. 

When all initial set-ups had been completed, runs were 
made at both frequencies at 0, 10, and 20-degree angles of 
attack. D.C. voltages were read before the amplifier and 
R.M.S. voltages after amplification. The relative phase shift 
between free-stream velocity and the pressure signal was re- 
corded. A steady-flow run was also made at the three angles 
of attack and the D.C. voltage read. 

A photographic record for each of the unsteady flows was 
made at selected pressure ports. It was unnecessary to take 
pictures of the outputs at all of the taps, since changes be- 
tween adjacent taps were too small to be observed visually. 

Since the airfoil was symmetrical, measurements for the 
positive angle of attack were taken from the upper surface 
at positive angle of attack. Then the airfoil was rotated to 
a negative angle of attack, the measurements from the same 
taps taken again, and these were assumed to be the same that 
the lower surface would have had at a positive angle of attack. 
The two taps on the lower surface provided a check on the 


validity of this procedure. 
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TV. RESUBES AND DISCUSSION 


Measurements were taken at each pressure tap to determine 
the phase shift of the pressure waveform in relation to the 
velocity waveform. The precision phase meter used was only 
valid for measuring phase shifts between identical waveforms. 
At 128 hertz, the pressure and velocity waveforms were similar 
and meaningful phase readings could be made. The results are 
summarized in Table I and plotted in Figure 19 for zero angle 
of attack. However, at 94 hertz, higher harmonics distorted 
the pressure waveform so that only phase shift readings of 
questionable validity could be taken. (See Figure 20). 

Figures 20-24 show typical oscilloscope traces of the 
velocity and pressure waveforms at selected pressure taps. 
The velocity waveforms, it should be recalled, are inverted. 
From these photographs, it may be seen that secondary and 
higher harmonics appear very distinctly at 94 hertz at all 
three angles of attack, but are not noticeable at 128 hertz. 
This is probably due to the fact that the pressure transducer 
tends to act as a filter. Referring back to Figures 10 and 
11, second-order harmonics of the fundamental pressure fre- 
quencies were attenuated by 0.3 for 256 hertz and by .6 for 
188 hertz. Thus, second-order harmonics would be negligible 
at the higher frequency. 

It was noted the higher harmonics in the pressure wave- 


forms seem to be increasingly reduced going chordwise from 
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the leading edge to the trailing edge. The sequence of photo- 
graphs in Figure 21 are typical. 

Waveforms of varying amplitude and shape superimposed on 
each other may be seen in some of the oscilloscope photo- 
graphs. These are indicative of separation and its associated 
turbulence. An example of this is shown in Figure 22 at tap 
1. Looking at tap 23 on the upper surface, in the same figure, 
the effects of separation seem to be less radical. Two the- 
ories have been formulated to explain this. 

One was suggested to the author by Despard [Ref. 8]. An 
early transition to a turbulent boundary layer occurs as a 
result of oscillating flow. Early transition causes the sep- 
aration point to be moved downstream. As separation begins, 
vortices are shed. These are large enough to effect the pres- 
Sure transducer; however, moving back from the point of sep- 
aration, the individual vortices break down in the wake. Thus, 
as the trailing edge is neared, the vortices lose their 
strength and the transducer feels only the free stream pres- 
sure impressed upon it. A sketch of such a flow field is 
shown in Figure 25. 

A@eeieend explanation is that the fl@w becomes fully de- 
tached at the leading edge, but then re-attaches at some 
point downstream. 

Both theories are plausible, due to the fact that the 
nOMel Geerce coeffrcient, Cir was Geeatcly increased in oscil- 
lating flow as compared to steady flow for a = 10 and 20 


degrees. Either early transition or reattachment would cause 
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an increase in lift. In an attempt to resolve this question 
a steady flow run was made at a = 10 degrees with a 1/16 inch 
wire fastened the length of the span just aft of the leading 
edge in order to trip the boundary layer into early transition. 
There was no appreciable increase in lift. 

The normal force coefficient was found from: 

Cs = Peary.) ; 

These values are plotted in Figure 26. The mean pressure 
coefficients for each frequency and each angle of attack were 
calculated. These are summarized in Table II and plotted in 
Figures 27 through 33. Since the pressure transducer meas- 
ured the pressure differential between local static pressure 
and atmospheric pressure, it made the following definition of 


“5 very convenient: 


Since stagnation pressure 1S equal to atmospheric pressure, 
G = @200 .... 
pstag 
In Figure 27, it may be seen that the mean pressure dis- 
tribution is not dependent on frequency for zero angle of 
attack. 
Tne root mean square of the pressure was converted to the 
nondimensional C!: 
COS. === 
p q 
These values are tabulated in Table III and a distribution 


for a = 20°, f = 128 hertz, plotted in Pigure 34. In general, 
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the oscillating components to the pressure remained of the 
Same order from leading edge to trailing edge on the upper 
surface. They were also relatively constant on the lower 


surface but of lesser magnitude. 


IV. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 
Three major observations can be made from the analysis 
of the experimental data: 

1. The pressure in general leads the velocity 
in phase. The phase shift in the pressure waveform 
tends to increase with increasing chordwise dimen- 
Sion. 

2. Sececonaworder “and pose@biy, higher haamenres 
are introduced in the pressure waveforms, possibly 
due to the nonlinearities inherent to the equations 
of motion. 

3. The mean normal force coefficient was sig- 
nificantly larger in oscillating flow than in steady 
flow at the frequencies and angles of attack inves- 
tigated. A hot wire probe above each pressure tan 
could be used to determine whether separation or a 
turbulent boundary layer were present. This informa- 
tion would resolve the question of the mechanism of 


separation advanced above. 


B. RECOMMENDATIONS 

Making each pressure reading by physically disconnect- 
ing each tube and reconnecting to another tube is very slow 
and clumsy. Some type of scanner valve, either manual or 


electrically driven, would greatly reduce time to take data. 


A magnetic tape recorder could be used to record data 
which would be digitized and fed into a computer in order to 
obtain instantaneous lift. This would also overcome the 


problem of finding phase shifts. 
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APPENDIX A 


TRANSDUCER CALIBRATION PROCEDURES 


P YOmma ey: Detector Calibration 


The proximity detector was calibrated to insure that the 
output was linear and the noise level low, and to determine 
if surrounding metal had any effect on the output. An exist- 
ing calibration holder was modified for this purpose. 

At one end of the calibration holder was a micrometer. 

The other end held the probe. Either of two fittings, a 
brass collar or a plexiglass collar with a circle of 0.003 
inch brass foil cemented on its face, could be fastened to 
the end of the micrometer. The plexiglass was used to iso- 
late the brass foil in order to compare the output with that 
frugmeaegsolid piece of brass. A typical set-up for This 
calibration is shown in Figure 35. 

For the calibration, one of the probes was placed so its 
face was just touching that of the collar on the micrometer. 
As the micrometer was backed off and the distance between 
collar and probe increased, the D.C. voltage output and R.M.S. 
voltage noise level for each .001 inch increment were recorded. 

It was determined that the proximity detector output was 
linear. It was also observed that nearby metallic objects 
do have an effect on the voltage output. The calibration 
curve may be shifted up or down and its slope changed slightly 


depending on  theemass ofvmetal an the vicinity ofethe prese. 


PRCURE 35. 





PROXIMITY DETECTOR CALIBRATION HOLDER 


¥ 


It was for this reason that a plexiglass spacer was placed 
in the transducer housing in order to reduce the effect the 
housing might have on the output. The results are summarized 


in Figure 36. 


Static Calibmation 

The procedure for static calibration was the same as that 
employed by Johnson [Ref. 6]. Both transducers were set in 
the region of -3.0 volts D.C. output since the noise level in 
this region was small and the output would be linear with re- 
spect to diaphragm deflection. The results are given in 


Figure 9. 


Dynamic Calibration 

Dynamic calibration was also carried out using the proce- 
dure of Johnson [Ref. 6]. The results from his work were 
used to select the inside tube diameter and tube length for 
this investigation. The stainless steel tubing used in the 
model was .0625 inches 0O.D., .047 inches I.D., and 24 inches 
long. This same length of tubing plus 13.5 inches of plastic 
tubing (.049 inches I.D.) were used to connect the pressure 
chamber to the transducer in order to simulate the actual ex- 
perimental conditions. Two spacing washers (total thickness 
of 0.015 inches) were used in the transducer housing. 

Both transducers were mounted in the calibration chamber 
for thesfitrStestepein Adynamicecali brati Gnues The valueq. en 
phase difference and R.M.S. voléages form botheeransducers 
were recorded at 5 hertz increments from 10 to 300 hertz and 


10 hertz increments from 300 to 400 hertz. The dynamic 
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responses of the two transducers were identical in relation 
to phase but the R.M.S. values differed uniformly by .738. 
The next phase in calibration was to remove transducer 
#1 from the calibration chamber and reconnect it to the 
chamber through the steel and plastic tubing. Comparisons 
were then made of the dynamic characteristics of the two 
transducers. Dynamic gain and phase shift are defined as in 
Figure 37. The dynamic gain through the tubing was calcu- 
lated by dividing the ratio of the transducer outputs by 
.738. The dynamic calibration curve is shown in Figures 10 


ama tll. 
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A 


diaphragm 
SINat 


Fe SIN at 


A. DYNAMIC GAIN = —2= f(w) 


P, 


B. PHASE LAG = > = g(w) 


FIGURE 37. PRESSURE MEASURING SYSTEM 
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APPENDIX B. TABLES OF EXPERIMENTAL DATA 


TABLE I 


PHASE SHIFT DATA 


f = hertz 
om 0° ge= 10° (m= 2ZOe 
tap # AySlee A® A® A8 A®8 
upper lower upper lower 
surface surface surface surface 
all -20 -10 -10 dus i 3 
2 -17 -10 -15 Li -40 
3 -16 - 9 -12 13 -35 
4 -12 -ll - 9 10 -35 
5 - 8 - 7 - 5 8 - 30 
6 - 3 - 8 - 4 0 -35 
7 0 - 8 1 -10 -35 
8 Zz - 9 5 => -25 
9 10 -13 3 -20 -25 
10 8 -18 10 -25 -18 
ae] 0) -18 18 -27 -15 
2 i - 4 16 - 30 - / 
13 25 -10 23 - 3 0 
14 28 43 30 3:6 -~ 1 
5 S72 39 33 49 3 
16 -- -- -- —- -- 
fey 42 Bo3 4l 43 -- 
18 47 a7 45 40 35 
19 48 4l 47 40 35 
20 48 43 48 40 4l 
rag 48 44 47 4l Al 
9) 50 45 50 Al 43 
23 SZ 49 Sy 4l 42 


*Positive phase shifts indicate pressure leads velocity. 
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TABLE I (continued) 


£ =" 126 Whe vez 
(ae Ge =e a = 20° 
tap # yoke Aé A® Aé A®@ 
upper lower upper lower 
surface surface surface surface 

1 da ES 15 20 20 
2 15 18 14 21 13 
Ss 14 18 14 21 12 
4 16 16 14 20 is 
5 ay, 14 5 17 ia 
6 17 13.6 1S ES is 
7 16 13 L5 15 14 
8 18 16 16 15 PS 
9 19 20 17 16 14 
10 20 22 17 17 LS 
Jk 20 24 18 20 16 
12 2 eS 26 20 23 17 
13 23 28 20 30 17 
14 24 30 PAL 24 18 
15 25 30 Z2 2a 19 
16 -- -- -- “= -- 
17 29 30 27 26 23 
18 30 32 28 25 26 
19 3255 35 30 24 27 
20 35 34 6h 24 29 
Zi Bye, 34 ak 24 29 
22 36 Sis 32 26 31 
23 ay 3645 a5 27 34 


*Positive phase shifts indicate pressure leads velocity. 
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TABLE If 


MEAN PRESSURE COEFFICIENTS 








a = 0° 

tap pe L26eherez £ = 94 HWeptz steady flow 

f AV C AV C AV C 

1 .000 .000 wUOS li #0102 .068 
2 e035 eo 5 ag oe, ror 2 041 1.400 
3 20136 lez 0 .042 1.434 040 #366 
4 aS 6 eZ 98 .042 1.434 040 i 3166 
5 2058 29S .041 1.400 041 1.400 
6 206 | lage B83} .04] 1.400 041 1.400 
i OS D lgeaes a .040 36.6 041 1.400 
8 murog rs 32 .040 30 6 040 1.366 
9 .038 Di Ses: .040 ees 66 040 sig cou) 
10 .041 1.400 .040 so 6 040 i S66 
Tear 7038 1-208 .043 1.469 041 1.400 
I aU Sa 1.298 .042 1.434 040 d 936.6 
T3 039 re 32 041 1.400 040 i PS'S'6 
14 nO27 1.264 . 039 ee. 039 [eeeS2 
15 MOro7 ir 6 4 Si 0)o eres 2 038 Wwe2z9 7 
16 muro 2 Reuss .036 ere 30 O37 £7263 
17 mS / ezie4 0S eg'> 35 Pero 5 
18 Oro aig 05) 0353 Temes 7 032 2093 
jae U8) 854 Ora eo 3 030 1.024 
20 ZO Uli AC, 2031 L705 8 O31 ross 
Al rug .990 ruZ9 819 0 030 1.024 
Fig .024 3,740) .029 somo 029 990 


a3 .024 «520 Ug.0 1.024 029 . Fo 


TABLE II (continued) 


go = DO upper surtace) 


tap f = 128 hertz f = 94 hertz steady flow 
f AV C AV & AV C 
a PL 
dt PUG? 2.35 1072 Pa spe, .044 ao. 3 
2 _ (Oak Sees LOS 354.6 20.66 er Popeye 
3 .090 3.074 n0's O76 .060 2.049 
= BOGS 3.040 Oo 3 o.176 RU Dy. Ze AES 
5 Oa Bee Oe s093 Be 7/6 .060 2.049 
6 BOG? 259 fal 5 (OIL S508 .060 2.049 
7 .086 gi 3S 208 7 Po eat .060 2.049 
8 SOE ey. 6 30 .082 Ze, COO 7060 2.049 
9 .070 me 391 5 WO} saL Ze. 766 Ore dL 2,033 
10 OMG. 2.288 .074 Mee | AEN EES eo 6 
1 VOCS 2.220 .070 oe59 1 J>5 e876 
2 .052 bef 116 .060 049 ,U6 e913 
is 5058 ligt Ae .054 1.844 n0 a4 1.844 
14 7053 1, 810 .049 we 3 aOr. 2 P76 
15 .045 1537 .047 io) Osi 1.742 
16 .040 2 66 SSeS Se Sa= .048 539 
Ike nOal: 1.400 .041 1.400 .046 le ral 
18 ~O041 1.400 7039 3:32 .042 im 4 34 
We) A036 L220 2036 bae2o 8 04 ne 38), 0 
20 70.38 228 BOs? 1.264 Oil 1.400 
Zyl “3 3 Deaglad S 4037 1.264 .040 des 366 
22 069 ero 5 noc eee 30 Poss 298 
23 2035 ie 95 .034 ke l61 .038 e298 


66 


a = 10° (lower surface) 
tap = 128 hertz f = 94 hertz steady flow 
AV e: AV G AV C 
iy 059 2,015 065 202 2'0 #050 i. 78 
Z 007 241 005 ma 3 -005 es 
3 006 202 008 .274 .008 274 
4 O11 381 On -444 O1l 381 
5 012 413 015 55 .014 487 
6 017 587 015 <5 01.5 SdleS 
a 016 555 On9 ~654 701.8 Gila? 
8 O12 1 (eo 020 OG] O20 687 
2) 019 654 O21 ~724 mO2 2 y 5 
10 018 615 022 9 mO22 759 
#1 024 "e626 024 28.216 wOr2'3 792 
2 025 854 025 854 0122 Vag 
i..3 024 826 026 woo 1 202.7 B23 
14 024 826 026 mS9 1 wO27 92 3 
15 026 B91 027 4 5 -026 89] 
16 027 923 ---- ---- rl 0) 28 964 
7 026 894 O27 a2 3 Ore 7 923 
18 028 964 027 agi2 3 .028 964 
9 27 923 026 sSoL .028 964 
20 O27 2.3 027 9923 A 8123 
21 027 92 3 O25 854 O27 923 
22 027 92:3 027 228 2.6 964 
ao 024 826 028 .964 .028 964 


TABLE II (continued) 
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TABLE II (continued 


a = 20° (upper surface) 


tap f = 128 hertz f = 94 hertz steady flow 
t AV ce AV C. AV C 
di O75 2.564 0.89 3.041 n052 e733 
2 07 8 26 3 i). 9' 2 3.142 .054 1.846 
3 BU 79 Za 01 7096 3.284 .054 1.846 
4 a0 79 Zeei01 096 3.284 .054 1.846 
5 082 2 80 3 g09'7 ag 314 .054 1.846 
6 .080 Za 30 mOo9 oes 6 2 nO55 1885 
7 083 2983 3 70.96 3.284 B05 5 yes3'5 
8 0:85 25910 1 .096 Sy. 84 .054 1.846 
9 .088 B01 2 a095 om241 .054 1.846 
10 BUG 8 BeaOal2 .096 3m2 8 3 .054 1.846 
ie a0 85 29.0 1 w096 Se8 3 .054 1.846 
12 7 / 2.636 .096 Sz 8 3 .054 1.846 
3 .078 2.661 ON 3.074 .054 1.846 
14 80170 239 4 nO / 26.3.6 .054 1.846 
5 BOG / 29.1 30:70 2.394 B055 1 4818'S 
16 wee =H =—--- = - wes 0 Se 
7 .060 2.056 no doaei? 4 2 9055 1.885 
18 3057 1.954 .048 1.641 gO55 Peso 
19 0 ails) Lmel 3 049 G75 0155 Poo 5 
20 .054 1.842 .049 36:75 nO55 S35 
21 .054 1.842 .047 ligGal. 6 HOS 7 LR o pall 
22 g053 Leas 3 .046 1 4671 056 aos 


No 
UJ 
© 
Nn 
I 
ve 
~~ 
i 
~ 
© 
a 
Oo) 
I 
nN 
~~ 
I 
© 
U1 
NO 
et 
~~ 
©O 
NO 
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a = 20° (lower surface) 
tap pear ee eat Z f = 94 hertz 
j AV C AV G : 
dt 2016-8 2.564 .074 Pao eyS, 
2 = 00). —Onn0 3S .004 al 43 
3 003 Ay .004 ~143 
+ 010 2 boy, .004 ~143 
5 0.016 ne 05 2007 ~244 
6 .008 we D9 2 Sikie 
7 OeO 242 mone: much, 
8 sO12 e213 O13 ~446 
9 .014 ~485 .014 Hae 
10 015 asyilps: Uns .518 
ig 2006 Zo / OTS Soe 
2 a0n/ wOS Ou 8 .614 
3 020 ~687 Oe 9 Bey S12) 
14 aly2 3 EoD OZ 0 Og. 7 
5 3 J he) nO 23 5S SLE 
16 ---- ---- ---- ---- 
ly a2 7 m2 2 2025 861 
ils 2025 861 7S qe (sil 
ir "O26 892 .026 892 
20 7030 ieO)2 1. 26 892 
21 (0) sal IL xOteak 7 a2 
22 nO 3 ia 39 a2 9 400 
23 036 Ia Be m0 1 1 OiGH: 


TABLE II (continued) 


steady flow 


70:03 alO7 
7OCT ~244 
a Ok Oe, 0.6 
wou: . 389 
nOeS als 
ru ile ao, 
20S .614 
eOu9 #659 
020 aoe 1 
SO 2. oqe 2 
OZ :3 Ee 
o02) . 861 
muy e722 
“02° / e922 
510.30 ligenO6 3 
20a Ig09'7 
BO ey Loos 
a3 dive 2 5 
2036 lige 31 
2036 lies: 2 
~042 lage 1. 


TABLE Iie 


UNSTEADY PRESSURE COEFFICIENTS 


Qo e=aeu 
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tap f = 128 hertz f = 94 hertz 
' AV ay AV Cx 
i Zeee ie al Zac om 
2 2a Lo8 sl tsi are 
3 220 ros roe L228 
4 2.34 26,0 ero lg) 
5 253 ifs dea 7 ae *.1E 
6 Zee Areas) ITA Teo 
i Zi 2 Peod Ne a Nad 
8 fo oil io 8 ALES ie, L222 
5) ZZ 0 0 ie 62 ipa 
10 256 6 Vee 1.24 
lial 220 60 aero], a i 
i2 23 9 186 lez 
3 2S 1 ill age! HI 258) Pes 
14 2353 259 Lage Leer 
1S Van, 3) 2 V2 Lael 
5G ---- ---- ---- ==S5 
ey Vous 04 lo LoS bees 
18 25 1.54 ZA02 Ere 3! 
ig Zac 1.54 Ae 1.43 
20 2525 1. 54 202 roe 
2a 2S 2 eo 200 ses 
22 Lm é Me dips ireo9 eo 
23 Vals cao Js, ON 1.40 


TABLE III (continued) 


a = 10° f = 94 hertz 
fap # Upper surface .§” ©  £JoWwer Stmraee 
i AV oe AV Co 
il £2.75 RS TS Jaa, 
2 230) las 7 ls 2 0 B10 
5 22a) lao 1.48 1 Oa 
4 I AS ito 6 ] 42 0.3997 
5 Zoe i ie es 1.44 0 A018 
6 Zee i, 6 1.48 Teg 1 
J Le 1.47 1.48 eee i 
8 le'5 ez '3 lene #.02 
3 1.74 i EY, 1.40 0.96 
10 Is 72) lyse, Lise La5 
iigl eo a2 ] aes 1 #08 
52 ie? Aue Res eo lag07 
ir3 ee a8, iG ire i0 it #06 
14 1.94 i 2 1.64 Ht 12 
5 2eneO 1.43 io 14 fs 
16 SSK = SSS SSeS a 
Jay pa Oe eo Gel. eek0 
18 ae 3 ere a7 O 1 as 
io eer Ne! 1.42 7 6 120 
20 Pon 0'O 1.40 veo aen9 
el. Dee > ees, 1422 
ee Zale 1.45 17 8 la 22 
Z3 Zeal 1.47 ee ig; 20 


tap upper surface YOwer SU@eace 
i AV ‘eh AV Ge 
a 8 <M ec J 
1 20 4 1 2507 1.41 
2 2.60 ees: Lg0'3 0.74 
3 a 00 Lye ne 0.74 
4 26> LA ome ical 0.76 
S 2.60 b.2s 1.14 ORac 
6 260) ly, 7 8 IER ls OR 7/2, 
a 2250 Beer a es 0 a0 
8 250 ee L Lek 7 ONO 
9 Peed eras a7 Ons 
10 2555 i. 0 ee Ae 0.82 
11 ZS 1.47 Zane 1.49 
li Ie) 3 0 ihe eal Umass 
a3 ITA, lig 6 Maz 2 Oma 
14 aie IL ae Lee Ore 
15 i ss a, le, 26 ae 7 One? 
16 ---- ~--- ---- -~--- 
7 Zee 1.47 vO 0 2389 
18 2230 57 wey cal Ome? 
19 20 1s, 7 ee Sue 0.94 
20 Zo diy S9 1.40 0226 
2A. 2540 1.64 ara 2 On97 
22 225 5.7 1.44 O23 
28 2225 i .7 Ne V0 0 


PAB tied aL L 


Oi eal) — 


(continued) 
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94 hertz 


TAeoe LE: (continued 


os a0 pmo a 2 Os bewaieZ 
tap upper surface lower surface 
, AV & AV om 
1 2.34 lero U 2 0018 1.43 
2 a jos Veo 2:2 00 36 
5 2.74 ey ke 200 l. oe 
4 2.4/1.0 1.84 Zane }, 38 
5 Zee: ger) 1s Zone or 
6 2510 een MGM 1.34 
7 2.40 1.64 Lew 916 leas 
8 2.40 1.64 2.00 Lesh) 
9 Al ie) a lee eae | 
10 2030 ie / L326 L. 34 
iLak 2230 lla ZOO IB eke 
12 2, 35 roo dE) F oes 
13 235 OU Leow ee 
14 2.48 eS ZOD 1.40 
ds 2.48 Leo Die 1.39 
16 ---- ---- ---- ---- 
Ly, 2.45 eo 7 17318 i at 
IE. HS iF. 0's leeds pec) 
19 22 ie O18 oO 1.34 
20 apo I LEFRS 3 1.94 noe 
Za Zee joy 26 1.34 
22 Zee.0 Se, 1.32 Tee Sill 
23 2.14 1.46 oi iene ll 


13 





TABLE Lidge (con tinued 


ice 


fa ees Hertz 


tap upper surface lower surface 
‘ AV a AV %, 

dh 1.64 Tale? 1.96 ims4 : 
2 82 0.90 2.30 1.58 
3 Las i Gal 2.30 1.58 

4 1.42 0.97 2.29 1.56 
5 1.44 0.98 2.30 Tee 5ie 
6 1.48 1 ioal 2.29 iG | 
7 1.48 We OL oes 1.47 | 
g 1.49 a2 1.95 1.33 | 
9 1.40 0.96 We 1.19 

10 1.54 1.05 1.76 120 

iil 1.58 1.08 1.79 re) 

12 Wagoe OF 1.69 Tgeel5 

13 1.56 Leno ee 0 1.16 

14 1.64 lg el 1.94 ily. 

15 1.66 ius DEAL 0 1.43 

16 ---- ---- ---- ~--- 

7 1.61 15 1.0 2.03 1.39 

ine 1710 degliG 1.98 1.35 

19 Nae 6 1.20 2.08 peer, 

20 las 75 ieerS 2.05 1.40 

aah 1,7 mm oe Dig Tea 1.45 

22 1.78 1 al 2 Le 1.45 

23 1.89 1.29 a5 ied 7 
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